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A tentative classification of possible sources of radio noise in the vicinity of the earth 
may be obtained by examining separately available sources of power and known mechanisms 
for conversion of this power. Among the former we may list high-energy electrons such as 
those trapped in the Van Allen belts; the solar wind; bursts of high-energy particles ejected 
by the sun; shock waves in the interplanetary medium originating on the sun; and the 
rotational energy of the earth. Mechanisms of conversion may be classified as ''direct," 
such as synchrotron and Cerenkov radiation, and ^'indirect." Indirect conversion involves 
the excitation of an intermediate state by the available sources of power and subsequent 
radiation by this state. This intermediate state may be localized heating, the formation of 
unstable current patterns, the acceleration of particles, or the generation of waves which are 
themselves non-radiative, such as plasma oscillations. The following mechanisms which 
are relevant to the generation of radio noise receive special attention: Cerenkov radiation, 
two-stream instability, and the coupling of waves by inhomogencuty and nonlinearity. 



1. Introduction 

Some of the iiou-maiunade radio noise which is 
received on the earth is due to hghtuing discharges 
and similar phenomena in the earth's atmosphere. 
Kadio noise also reaches the earth from many astro- 
nomical bodies. In this article, the question will be 
raised as to whether any radio noise received on earth 
is generated in the vicinity of the earth b^" mecha- 
nisms taking place outside of the earth's atmosphere. 

The generation of radio noise may be regarded as 
the transfer of energy from a ^'source" into electro- 
magnetic waves. One may therefore classify possible 
schemes for the generation of radio noise by listing 
possible sources of energ^^ and possible mechanisms 
for the conversion of this energy into electromagnetic 
waves. 

Among the sources of energy which come to mind 
are the following: 

1. High-en ergv electrons in the Van Allen belts 
[Van Allen, 1959]. 

2. The solar wind [Parker, 1958]. 

3. Bursts of high-energy particles ejected by the 
Sim [Me^^er, Parker, and Simpson, 1958]. 

4. Shock waves in the interplanetary medium 
originating on the sun [Gold, 1959]. 

5. Rotational energy of the earth. 
Conversion mechanisms may be divided into two 

types Avhich we term '^direct'' and ^^indirect'\ Di- 
rect meclianisms convert energy from the form it has 
in the source to that of electronuignetic waves with- 
out going through any intermediate state. Cerenkov 
, radiation and synchrotron radiation are examples of 
direct mechanisms, if the soiu'ce of energy is taken 
to be the kinetic energy of the charged particles. 
The intermediate processes involved in indirect con- 
version niechajiisms may be, for instance, the heating 

1 The work reported in this paper was sponsored by the Air Force Office of 
Scientific liosoarch of the Air Research and Development Command, under 
Contract AF 49(r)38)-342. 

2 An earlier version of this paper was prCwSented at the 1961 Spring Meeting of 
the International Scientific Radio Union (U RSI), Washington, D.C, (May 1961). 



of an ionized gas, the accehM'aiion of cliarg(Ml |)arti- 
cles, or the excitation of waves or oscilhitions other 
than electromagnetic waves. 

Before considering the various combinations of 
source plus conversion mechanisms which may be 
relevant to the problem in hand, we shall discuss 
briefly certain ideas of plasma physics which are 
lielpfid in analyzing the present problem. In section 
2, we shall discuss Cerenkov radiation in order to 
show that, for tlie case of a ''point source^' or ''beam 
source,'' the group velocity of the waves has an i^m- 
portant bearing on the efRciency of tlie conversion 
mechanism. In section 3, it will be sliown that the 
familiar two-stream electrostatic instability [Boh in 
and Gross, 1949] is one member of a general class of 
two-stream instabilities, other members of which 
may be important for the problem in hand. In 
section 4, we consider ways in which energy may be 
fed from one type of wave to another, for instance, 
from plasma oscillations into electromagnetic waves. 
In section 5, we consider some of the ways in which 
radio noise might arise from the sources listed above. 

2. Resonant Cerenkov Radiation 

Consider, for simplicity, a beam of particles uni- 
form in the y and z directions, confined between tlie 
planes x=0 and x=a, and traveling with velocity v 
in the z direction. Inhomogeneities of the beam 
give rise to the excitation of waves in the medium 
through which the beam passes. Hence the beam 
may be represented by an appropriate source term in 
the wave equation. In consequence, the energy 
equation, as applied to the ejiergy of excited waves, 
takes the form 



d^ 
U 



+A-S=i^^cos0, 



(2.1) 



wliere E is energy density, S is energy flow, A is the 
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amplitude of the excited wave, /^denotes the strength 
of the source, and is the phase angle between the 
amplitude ^Vector" and the force 'Vector^'. For 
present purposes, we neglect dissipation of energy by 
collisions and radiation. 

Now consider a steady-state situation and apply 
the above equation to waves of one particular wave- 
vector k and frequency co for the favorable case that 
the force and amplitude are in phase everywhere. 
The last condition leads, in particular, to the selec- 
tion rule 



-v.k=-0. 



(2.2) 



With these assumptions, and the additional simplifi- 
cation that the measure of amplitude is one for which 



(2.1) reduces to 



dA 1 ^ 

dx 2 ' 



(2.3) 
(2.4) 



where we have used the familiar relation [Brillouin, 
1960] 

S=£'u (2.5) 

between energy density and energy flow, il being the 
group velocity of the wave. 

If the group velocity component u^ is positive, we 
expect that ^=0 for x<0, so that 



'^^^^=^jy^^')dx\ 



(2.6) 



We now see that the wave excitation mechanism 
which we are considering is resonant when %x^^, 
which is understandable since there is then no loss 
of energy from the region of wave excitation by the 
convection mechanism associated with group velocity. 
In case of a beam which is of finite extent in both 
transverse directions, we should term the process 
^ 'resonant'^ if the group velocity has no transverse 
component. In the case of a moving source finite 
in all dimensions, we see that the condition for res- 
onance would be 

ii = v, (2.7) 

that is, that the group velocit}^ is identical with the 
source velocity. Note, from (2.2), that it is not 
necessary that the phase velocity be identical with 
the source velocity. 

It appears that the above resonance condition is 
important in the mechanism of Type II solar radio 
bursts [Sturrock, 1961a], so that one might expect it 
to be important also in any similar processes which 
take place in the vicinity of the earth. 

3. Generalized Two-Stream Instability 

The concept of stability plays an important role 
in any study of energy conversion . Instability may 



be regarded as the cumulative transfer of energy 
from one form into another, so that, in looking for 
mechanisms for the generation of electromagnetic 
waves, one should pay special attention to possible 
instabilities of the system under consideration. The 
familiar two-stream electrostatic instability [Bohm 
and Gross, 1949] is a particularly interesting example, 
since it is a mechanism for tlie conversion of the 
kinetic energy of a stream of charged particles into 
oscillation energy. The purpose of this section is to 
point out a generalization of this two-stream mech- 
anism, whereby the kinetic energy of particle streams 
can be converted into energy of excitation of waves 
of various types. 

Consider two wave-propagating systems, one of 
which we regard as stationary and the other of whicli 
we regard as moving with velocity i^ in the ,3-direction. 
Suppose, for present purposes, that coupling be- 
tween the systems is weak. Then there will be sig- 
nificant interaction only if both systems can sup- 
port waves of the same frequency co and wave number 
k, assuming now that the wave vectors are directed 
along the ;s-axis. In the moving medium, the fre- 
quency and wave number of such a wave will be co', 
¥ , where 

co' = co-z*, k'=k, (3.1) 

Suppose that the combined system is unstable to dis- 
turbances of the wave number being considered. 
Then the amplitude of the two waves will grow 
(slowly, because the coupling is assumed to be small). 
For small amplitudes, energy associated with the 
disturbance will be proportional to the square of the 
amplitude, which is now assumed to be growing ex- 
ponentially. However, energy associated with the 
disturbance is a conserved quantit}'. A function 
which is constant and which varies exponentially 
must be identically zero. Hence the energy to be 
associated with the two interacting waves is zero, 
which is possible only if the energy of one wave is 
positive and that of the other wave is negative. 

The sense in which one may ascribe negative en- 
ergy to a wave has been discussed elsewhere [Stur- 
rock, I960]. Assuming that, in a coordinate system 
at rest with respect to the medium, the wave energy 
is positive, the wave energy will appear to be nega- 
tive to an observer moving at such a velocity that 
the direction of the phase velocity of the wave is 
reversed. Hence, in the above case, the wave in the 
moving medium would appear to have negative en- 
ergy provided that 



-?;<a)7fcX0 or 0<:o:'lk'<-v, 



(3.2) 



If, for an\' coordinate system (and if it is true for 
one, it is true for all coordinate systems), we find 
that waves in two different media have the same 
frequency, the same wave number, but energies of 
opposite signs, we may conclude that this system is 
unstable. This situation arises when the relative 
velocity of the media is in magnitude equal to the 
sum of the magnitudes of the phase velocities in the 
two media. This mechanism may be referred to as 
^^generalized two-stream instability.'' 
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(biisidcraliou of the above mechanism will enable 
one to (let ermine what waves of a plasma may be 
excited to high amplitudes by means of a stream of 
particles of appreciable density. It also enables one 
to (let (M'n line what waves may be excited at an inter- 
face between two media which are moving with 
difi*(M"ent velocities. One ma\" regard Helmholtz in- 
stability [Lamb, 1930] as a special case of generalized 
two-stream instability. 

4. Wave-Coupling Mechanisms 

We first note that, in the linear approximation, 
there is no coupling between waves in a uniform 
jnedium since these waves are, by definition, dynam- 
ical normal modes of the system. This statement 
immediately suggests two ways of obtaining coupling 
between waves : if the small amplitude restriction or 
the requirement of homogeneity is r(4axed, we might 
expect to obtain coupling which would then be attrib- 
uted to nonlinearity or inliomogencMtx'. 

Let us first consider the possibihly of interuclion 
between three waves, the frequencies and wave 
vectors of which are coi, ki, 0)0, ^2 and cos, kg. We expect 
the interaction to be significant only if an appro- 
priate phase relation is nuiintained between the waves 
over large distances and large times. Tliis means 
that the frequencies and wave nund)ei's must satisfy 
selection rules such as the following: 



COi 



+ C02 = C03, ki + ka^kg 



(4.1) 



The larger the number of waves involved in such a 
selection rule, the higher is the power of the ampli- 
tudes on which the process depends, so that — for 
weak excitation of tlu^ medium — -the weaker is the 
resulting coupling. 

In interpreting th(^ above formuhis, nolc^ thai ni.()r(^ 
than one wave may be of the same type. In (4.1), 
for instance, wavers 1 and 2 could be plasnui oscilla- 
tions in a simple isotropic plasma, while wave 3 
could be an electromagnetic wave in this plasma. 
We then see that plasma oscillations in a uniform 
plasma can radiate, the dominant frequency being 
2o)p, i.e., twice the plasma frequencv [Sturrock, 
1961b]. 

It is of course true that selection rules such as 
(4.1) do not guarantee coupling but are merely 
prerequisites for coupling. It is in addition neces- 
sary that the ''interaction energy" be nonzero, that is, 
that the energy density (from which one may form the 
Hamiltonian) should contain a term involving the 
amplitudes of the waves in a form related to the 
selection rule. 

Wave-coupling by inhomogeneities may be re- 
garded as a special case of nonlinear coupling be- 
twcHMi waves, since, if the inhomogeneity is slight, it 
may be Fourier analyzed into a number of ''waves" 
of zero frequency. With this minor change, selection 
rules such as (4.1) still appl3^ 

To the above two mechanisms, we may add a 
third, which is even more familiar, but which should 
perhaps be referred to as a "conversion mechanism" 



rather than a "coupling mechanism": this is the "adi- 
abatic mechanism." If a wave of a certain type is 
being propagated in a stationary medium, the param- 
eters of which are changing slowly with distance, the 
wave will continue, with tlie same frequency and the 
same power (ignoring absorption), but the phase 
velocity will adjust itself to the changing parameters. 
We neglect, for simplicity, the possibility that the 
parameters may at some point cause the wave to be 
nonpropagating. 

The reason that this meclianism is of j);irticular 
interest here is that it pcu'mits (V^nmkov radiation 
from a beam of particles, for which the phase ve- 
locity is necessarily less tlian the speed of light, to be 
converted very (efficiently into nornnd electromag- 
netic radiation travehng with the speed of lighl. If, 
for instance, the (extraordinary wave [Spitz(T, 19501 
is excited in a plasnui permeated by a magnetic field, 
and if the densit\' of the plasma decreases slowly to 
zero, this wave will emerge as a normal electromag- 
netic wave, provi(hMl that no resonant frequ(encies, 
such as the ])Iasma fre([U(mcy or gyro-fre(pi(mcy, 
cross \\\(' wav(* friHjucncy. 

5. Possible Mechanisms of Noise Generation 

We now revi(nv the sources of energ\' listed in 
section 1, and look for mechanisms by which part of 
this eiKM'gy could be convert(Ml into radio noise. 

(\)nsi(l(T first of all tlie en(Tgy source repres(mted 
by the hig]i-en(^rgy electrons stored in the \'an AHcn 
b(4ts. Clearly, these electrons can generate radio 
noise by the direct mechanism of cyclotron (or 
"synchrotron") radiation. We adopt the estimate 
of Van Allen [1959] that the outer belt contains 
10 electrons per cni^ with energy in excess of 20kv, 
and nudvc a conservative estimate by giving all 
(»l(M'tr(ms en(u-gy equal to this low(^r linut. The 
vohnne of the b(4t is ai)proximat(^ly 3.10^^ cm^ and, 
since the height is approxinuitc^ly 2.5 Iie, tlie magnetic 
fi(^l(l strength is approxiniat(4y 0.02 gauss. A con- 
servative estinuite of the intensity is obtained by 
ascribing the total radiated power to an area of 
47r(2.5A^^)^ and a solid angle of 4x. If w^e assume 
that, because of variation of nuignetic field strength 
over the volume of the belt, the radiation cov(U"s a 
band of 30 kc/s centered at 60 kc/s, we find tliat the 
radiation intensity is approximately 2.10"^^ watt/m^ 
steradian c/s, corresponding to a briglitness temp(^r- 
ature of 40,000 degrees. Although this is a sub- 
stantial intensity, this radiation would be unob- 
servable over most of the earth's surface because it is 
shielded by the ionosphere. It is possible that some 
fraction of this noise would arrive at the auroral 
zones. 

Consider next the solar wuid [Parker, 1958]. 
One would not expect ra(hation by a direct mecha- 
nism, but radio noise might be gemmated by an indirect 
mechanism, since inst{d)ilities of the generalized two- 
stream variety nuiy be expected to arise when the 
solar wind impinges upon the earth's magnetosphere. 
Among the various wave types which might partici- 
pate in this instability are plasma oscillations, 
magnetohydrodynamic waves and acoustic waves, 
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possibly in the form of ion-acoustic waves. None 
of these is a radiative (i.e., an electromagnetic) wave, 
so that generation of radio noise requires the opera- 
tion of a wave-coupling mechanism. Inhomogeneity 
or nonlinearity might provide such coupling. It 
should be noted that if the extraordinary mode, 
perhaps in the form known as the whistler mode 
[Storey, 1953] participates in the instability, radio 
noise might be propagated to the earth^s atmosphere 
as a ^Vhistler.'^ Since whistlers appear to couple 
quite efficiently to electromagnetic waves in the 
earth's atmosphere, this would be expected to give 
higher intensities. On the other hand, the trans- 
mission of whistler waves from the surface of the 
magnetosphere to the surface of the earth might 
be impossible, or possible only for certain regions of 
the earth's surface. 

The third possible source of energy to be considered 
comprises bursts of high-energy particles ejected by 
the sun. Since such particles may enter the earth's 
magnetosphere, there is the possibility of direct gen- 
eration of radio noise by the mechanism of Cerenkov 
radiation. If the extraordinary mode, of frequency 
above the plasma frequency, is excited in this way, 
the noise would appear at the earth's surface as 
normal electromagnetic radiation by the process of 
adiabatic conversion. 

The possibility of similar excitation of whistler 
modes has been considered by Gallet and Helliwell 
[1959]. Dr. N. R. Brice (personal communication) 
has shown in this connection that the condition for 
resonant Cerenkov radiation can indeed be satisfied. 
From the dispersion relation 



_ c^k^a)g cos d 



(5.1) 



where co^ and w^ are the gyro- and plasma-frequencies, 
k is the magnitude of the wave vector, and d is its 
inclination to the magnetic field, one finds that the 
condition that the group velocity should be parallel 
to the direction of the magnetic field, which we 
assume to be also the direction of travel of charged 
particles, is that 

k=o}Jc. (5.2) 

One then finds that the frequency of a wave depends 
upon the direction of its phase velocity as follows, 



Oi=-(^i^ cos d 



(5.3) 



and that the magnitude of the group velocity is now 
independent of 6, being given by 



1 co„ 

2co^ 



(5.4) 



Hence one may expect a band of frequencies to 
y20ig to be excited by the mechanism of ' 'resonant 
Cerenkov radiation,'' this mechanism being further 
enhanced if the speed of the charged particles is 
given by the formula in (5.4). 



Thanks are due to Dr. E. N. Bracewell, Dr. R. B. 
Dyce, and Dr. R. A. Helliwell for helpful conversa- 
tions on topics discussed in this paper. 
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